few issues always need to be considered, e.g. compatibility between polymer and nanoparticles, dispersion and distribution of nanoparticles, brittleness and toughness of the polymer nanocomposites, as well as their processability. Therefore, chemical and physical modifications are often applied to achieve these objectives. Maleic anhydride grafted styrene-ethylene/butylene-styrene copolymers (SEBS-g-MAH) has been used as polymeric compatibilizer, interfacial modifier and toughening agent. In our previous work, the impact strength, elongation at break and thermal stability of PLA/organo-montmorillonite nanocomposites was enhanced significantly by the addition of SEBS-g-MAH [14] . SEBS-g-MAH improved the dispersion of nano-magnesium hydroxide (MH) and interfacial adhesion in polypropylene/MH nanocomposites [15] . The impact strength and ductility of polyamide 6/polypropylene/organoclay nanocomposites was improved significantly by the addition of SEBS-g-MAH [16] . Super-tough polyamide 6/organo-montmorillonite nanocomposite was obtained with 30 wt% of maleinated styreneethylene/butylene-styrene copolymers [17] . It has also been documented that the essential work of fracture for high density polyethylene/organo-montmorillonite and polypropylene/organo-montmorillonite were improved in the presence of SEBS [18] . The goal of present work is to improve the thermal and mechanical properties (especially elongation at break and impact strength) of PLA/NPCC nanocomposites by incorporation of SEBS-g-MAH. For this purpose, PLA/NPCC nanocomposites with and without SEBS-g-MAH were produced using melt mixing followed by injection moulding. Accordingly, the mechanical and thermal properties of the PLA nanocomposites were determined and discussed.
Experimental 2.1. Materials
PLA (Ingeo™ 3051D) was purchased from NatureWorks LLC ® (Minnetonka, USA). The specific gravity and melt flow index of the PLA are 1.25 and 25 g/10 min (2.16 kg load, 210°C). The stearic acid treated NPCC (Zancarb CC-R; particle size: 40-80 nm; specific gravity: 2.50) was supplied by Zantat Sdn. Bhd (Kuala Lumpur, Malaysia). SEBS-g-MAH with a MAH grafting level of 1.4-2.0 wt% and styrene/rubber ratio of 30/70 (wt/wt) was purchased from Shanghai Jianqiao Plastic Co. Ltd., (Shanghai, China). The melt flow index and specific gravity of the SEBS-g-MAH are 1.0 g/10 min (2.16 kg load, 230°C) and 0.91, respectively. The designation and composition for PLA/NPCC nanocomposites are shown in Table 1 .
Preparation of PLA/NPCC
nanocomposites Prior to extrusion, all the materials were dried at 80°C for 15 h in vacuum oven (Memmert GmbH, Schwabach, Germany). PLA nanocomposites were melt-compounded using a PSM30 co-rotating twinscrew extruder (Sino-Alloy Machinery, Taoyuan County, Taiwan) with temperature zone set up in the range of 160-190°C. The screw speed was set at 150 rpm. PLA nanocomposite specimens [tensile (ASTM D638 type I), flexural (ASTM D790) and impact (ASTM D4812)], were moulded using an injection moulding machine (HTF86X1, Haitian Plastics Machinery, Ningbo, China). The barrel temperatures were set in the range of 165-190°C, from the feeding section to the nozzle.
Transmission electron microscopy (TEM)
TEM specimens of PLA nanocomposites were prepared using a PT-PC PowerTome ultramicrotome (Boeckeler Instruments, Arizona, USA). Ultra-thin sections of about 50 nm in thickness of the PLA specimen was cut with a diatome diamond knife (45°) at room temperature. The specimen was stained with osmium tetroxide for an hour prior TEM measurements. TEM measurements were conducted using a Zeiss Libra 120 Plus energy filtering transmission electron microscope (Carl Zeiss, Jena, Germany) operating at an accelerating voltage of 120 kV. 2.4. Thermal characterization (TGA and DSC) Thermal decomposition temperature of the PLA nanocomposites was characterized using a Pyris 6 thermogravimetric analyzer (Perkin Elmer, Massachusetts, USA). The specimens were heated from room temperature to 600°C at a heating rate of 10°C/min in nitrogen atmosphere. Differential scanning calorimeter DSC 6 (Perkin Elmer, Massachusetts, USA) was used to evaluate the thermal behaviour of the PLA/NPCC nanocomposite. The specimens were scanned from 30 to 190°C at a heating rate of 10°C/min. Then, they were cooled from 190 to 30°C at a cooling rate of 10°C/min. Second scanning was performed similar to the first scanning in order to erase the thermal history. The glass transition temperature (T g ), melting temperature (T m ), and crystallization temperature (T c ) were determined. The degree of crystallinity (! c ) of PLA nanocomposites was calculated according to Equation (1): (1) where ! c is the degree of crystallinity; !H m is the heat of fusion of the sample; !H f corresponds to the heat of fusion for 100% crystalline material, and w PLA is the net weight fraction of the PLA. The heat of fusion of 100% crystalline PLA ("H f ) is approximately 93.6 J/g [19] .
Mechanical testing
Tensile and flexural tests were performed using an Instron 3366 (Instron, Massachusetts, USA) according to ASTM D638 and ASTM D790, respectively. Tensile tests were conducted at a crosshead speed of 5 mm/min. Flexural tests were performed using three-point bending configuration at crosshead speed of 1.5 mm/min and support span length of 50 mm. Charpy impact test was carried out on both notched and un-notched specimens using a Zwick analogue Charpy Pendulum Impact Tester (Zwick Roell, Ulm, Germany) with a pendulum of 7.5 J. Figure 1a -1f shows the TEM images of the PLA/ NPCC composites (with and without SEBS-g-MAH) taken at low and high magnification. It can be seen that the NPCC nanoparticles are in cubic shape with dimension of 40-80 nm. Nano-dispersed NPCC and small clusters of NPCC can be observed in the PLA matrix (c.f. Figure 1a-1b) . In Figure 1c and 1e, the dark grey region (i.e. region that stained by osmium tetroxide) with dimension of approximately 1-2 #m can be ascribed to the SEBS-g-MAH. Interesting to note that some of the NPCC are encapsulated by SEBS-g-MAH (c.f. Figure 1d and 1f), which can be associated to the affinity between NPCC and SEBS-g-MAH. Also, one may find that more NPCC were encapsulated by SEBSg-MAH for the PLA/NPCC composites which contain higher loading of SEBS-g-MAH (i.e. PLA/ NPCC/S20).
Results and discussion 3.1. Transmission electron microscopy (TEM)

Thermogravimetric analysis (TGA)
TGA curves for NPCC, SEBS-g-MAH, PLA and PLA/NPCC/SEBS-g-MAH composites are displayed in Figure 2 . The decomposition temperatures, T 95 , T 50 and T 5 are summarized in Table 2 . T 95 , T 50 and T 5 are corresponding to the temperature at which the remaining mass of the materials is 95, 50 and 5% respectively. The decomposition temperature in the range of 335-362°C is related to the thermal dissociation of the PLA. From the TGA curves, it can be seen that the decomposition temperature of NPCC starts at 250°C and the char residue is approximately 96.9% at the temperature of 600°C. The mass loss of NPCC is attributed to the decomposition of stearic acid (i.e. surface modifier). It is also found that the decomposition of organic modifier may accelerate thermal decomposition for the PLA/NPCC composites. According to Kim and Michler [20] , the basic nature of calcium carbonate may catalyze the depolymerisation of the ester bonds of PLA which led to a decrease in thermal stability of the respective composite. It can be seen that the decomposition temperatures, T 95 , T 50 and T 5 values of PLA/NPCC nanocomposites improved significantly by the addition of SEBS-g-MAH.
Note that the highest mass loss of SEBS-g-MAH occurred at temperature of approximately 444°C. Also, the thermal stability of PLA/NPCC nanocomposites increased marginally with the increasing loading of SEBS-g-MAH. Similar finding was also observed in our previous works on PLA/OMMT [14] and PA6/PP/organoclay nanocomposites [16] . Figure 3 shows the DSC thermograms of PLA and PLA/NPCC nanocomposites. The thermal characteristics (e.g. T g , T c , T m ) of the PLA and its nanocomposites are summarized in Table 3 . In Figure 3 , PLA shows a melting temperature peak (T m1 ) at 168.8°C with a shoulder peak (T m2 ) at 161.2°C.
Differential scanning calorimetry (DSC)
Bimodal melting peaks are observed in all PLA/ NPCC composites with and without SEBS-g-MAH.
Multiple melting behaviour of PLA is depends on crystallization conditions (thermal prehistory) and T c value [21] . Double melting endotherms are commonly found in PLA which crystallized at T c in the temperature range of 110-130°C [22] . The multiple melting endotherms can be attributed to the meltrecrystallization mechanism [23] . From Table 3 , it can be seen that, the presence of NPCC does not changes the T g , T c , T m1 and T m2 values of PLA significantly, this may related to the weak interaction between the polymer and the mineral filler [24] . However, PLA/NPCC nanocomposite exhibits higher degree of crystallinity than that of neat PLA. Such behaviour is reasonable due to the fact that NPCC can act as nucleating agent. Similar finding was reported by Suksut and Deeprasertkul [25] , who found that the degree of crystallinity of PLA was increased prominently in the presence of CaCO 3 . On the contrary, the incorporation of SEBS-g-MAH reduces the degree of crystallinity of PLA/NPCC nanocomposites. This is attributed to the encapsulation of NPCC by SEBS-g-MAH (evidenced by TEM, as discussed previously), which may retard the efficiency of NPCC as nucleating agent in the crystallization of PLA. This is in line with the finding from Tjong et al. [1] , who reported that SEBS- g-MAH reduced the degree of crystallinity of polypropylene/montmorillonite nanocomposites.
Mechanical properties
The tensile stress-strain curves of neat PLA and PLA/NPCC composites are shown in Figure 4 . PLA fractured in brittle mode with 8.4% elongation at break. It can be seen that PLA/NPCC nanocomposite achieved 12.4% of elongation at break, which suggesting an improvement in ductility of the material. Furthermore, PLA/NPCC/SEBS-g-MAH composites experienced significant cold drawing and yielding implying that further enhancement in ductility of the nanocomposites. Mechanical properties of PLA and PLA/NPCC nanocomposites are summarized in Table 4 . It can be seen that the NPCC does not have significant effect on the tensile and flexural modulus of PLA. This is due to the nonreinforcing behaviour of this NPCC. However, the elongation at break of PLA increased of about 48% by the addition of NPCC, implying an improvement in toughness of PLA. This is due to the fact that NPCC can act as stress concentrator and induce microvoids by debonding at the NPCC-PLA interface during the tensile deformation. The cavitational process promotes shear-banding mechanism in the plane-stress region and triggers matrix shearing in PLA during fracture. Accordingly, the shear yielding mechanism becomes operative and the PLA composites are able to absorb large quantities of energy when subjected to fracture deformation. This is in line with the micro-mechanistic model for toughening using filler particles as proposed by Kim and Michler [20] . According to Weon et al. [26] , toughenability of PP has been positively altered by the incorporation of calcium carbonate, which is also related to the massive crazing and shear banding of the PP matrix in the presence of the filler. From Table 4 , it can be seen that the modulus and strength of PLA/NPCC composites reduced marginally with the increasing content of SEBS-g-MAH. This is attributed to the lower modulus and elastomeric nature of SEBS-g-MAH [1, 17, 27] . Note that the elongation at break of PLA/NPCC composites increased drastically with increasing loading of SEBS-g-MAH. SEBS-g-MAH acts as stress concentrators upon the application of tensile stress and formed micro-voids that able to trigger micro-deformation mechanisms. This will lead to an increase of ductility and toughness in the nanocomposites. The Charpy impact strength for notched and unnotched specimens of neat PLA and PLA/NPCC nanocomposites are summarized in Table 4 . The impact strength for both notched and un-notched PLA/NPCC nanocomposite increased significantly by the incorporation of SEBS-g-MAH. The impact strength of PLA/NPCC nanocomposite increased 268 and 138% for un-notched and notched specimens, respectively with the addition of 20 phr of SEBS-g-MAH. According to Collyer [28] , the toughening mechanism of rubber particles dispersed within a glassy polymer includes energy absorption by rubber particles, debonding at the rubber-matrix interface, matrix crazing, shear yielding or a combination of shear yielding and crazing. Upon the application of impact stress, the rubber particles in the composite acted as stress concentrators and cavitate and/or debond at the rubber-matrix interface, leading to a relief of the triaxial stress state ahead of the notch or crack, thus creating a stress state beneficial for the initiation of multiple matrix shear yielding [29] .
Conclusions
The PLA/NPCC nanocomposites were successfully produced by using melt compounding technique. Nano-dispersed NPCC (ca. 40 nm) and small NPCC clusters (containing 3-6 NPCC particles) were distributed in PLA matrix. Also, NPCC can act as nucleating agent for PLA. However, NPCC does not enhance the modulus and strength of PLA. It was also found that the thermal stability of PLA/ NPCC is lower than that of PLA. SEBS-g-MAH encapsulated NPCC may suppress the nucleating effects of NPCC. The main objectives of this works have been achieved, i.e. (1) significant enhancement of elongation at break and impact strength of PLA/NPCC nanocomposites, and (2) the thermal stability of PLA/NPCC/SEBS-g-MAH is higher than that of PLA/NPCC nanocomposites.
